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ARTICLE INFO ABSTRACT
Keywords: Osteoporosis is the result of osteoclast formation exceeding osteoblast production, and current
Osteoporosis osteoporosis treatments targeting excessive osteoclast bone resorption have serious adverse ef-
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fects. There is a need to fully understand the mechanisms of osteoclast-mediated bone resorption,
identify new drug targets, and find better drugs to treat osteoporosis. Gar C (Gar C) is a major
naturally occurring phytochemical isolated from mangosteen, and is a derivative of the naturally
occurring phenolic antioxidant lutein. We used an OP mouse model established by ovariectomy
(OVX). We found that treatment with Gar C significantly increased bone mineral density and
significantly decreased the expression of TRAP, NFATC1 and CTSK relative to untreated OP mice.
We found that Garcinone C could disrupt osteoclast activation and resorption functions by
inhibiting RANKL-induced osteoclast differentiation as well as inhibiting the formation of
multinucleated osteoclasts. Inmunoblotting showed that Gar C downregulated the expression of
osteoclast-related proteins. In addition, Gar C significantly inhibited RANKL-induced ROS pro-
duction and affected NF-xB activity by inhibiting phosphorylation Formylation of P65 and
phosphorylation and degradation of ikba. These data suggest that Gar C significantly reduced
OVX-induced osteoporosis by inhibiting osteoclastogenesis and oxidative stress in bone tissue.
Mechanistically, this effect was associated with inhibition of the ROS-mediated NF-kB pathway.
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1. Introduction

Osteoporosis is a common bone metabolism disease characterized by low bone mass and the deterioration of bone tissue micro-
architecture, which increases the risk of bone fragility and fracture and is recognized as a serious public health problem worldwide. It is
estimated that more than 200 million people currently suffer from osteoporosis, and the number of people affected is increasing
dramatically due to an aging population and longer life expectancy [1]. Osteoporosis usually occurs in postmenopausal women and the
elderly population [2,3]. Drugs that are used clinically to treat osteoporosis include antiresorptive bisphosphonates, HRT and SERM, as
well as anabolic fluorides, anabolic steroids and teriparatide (PTH), all of which have serious drawbacks, including digestive disorders,
embolism and cancer [4]. Therefore, the search for better drugs to treat osteoporosis is of great importance in the clinic. Natural
products offer a promising alternative therapy for maintaining bone health and preventing metabolic bone disease [4].

Bone remodeling is in a dynamic equilibrium that is maintained by bone formation due to osteoblasts and bone resorption due to
osteoclasts [5]. Osteoporosis is the result of osteoclast formation exceeding osteoblast production [6]. Osteoclasts are multinucleated
giant cells whose activation process is associated with the cytokines macrophage colony-stimulating factor (M-CSF) and NF-«xB ligand
receptor activation (RANKL). M-CSF promotes the early proliferation of osteoblasts, and RANKL maintains the function of mature
osteoblasts [7]. These two cytokines induce the expression of genes encoding tartrate-resistant acid phosphatase (TRAP) and histone
proteinase K (CTSK), which represent the osteoclast spectrum, and TRAP and CTSK degrade bone mineral and collagen matrix, thus
mediating bone resorption [8]. Current osteoporosis therapies targeting excessive bone resorption have serious adverse effects.
Therefore, there is a need to fully understand the mechanisms by which RANKL stimulates osteoclast-mediated bone resorption to
identify new drug targets and find better therapeutic approaches [9].

Reactive oxygen species (ROS) can accelerate bone resorption through osteoclast dysfunction [10]. ROS are potent and multi-
functional signaling molecules that influence various pathways of osteoclast differentiation. Excess superoxide anion radical (02-) and
the redox radical H202 promote osteoclast activity, affect their differentiation and prolong the lifespan of mature osteoclasts through
an inflammation-induced cascade response [10]. There is growing evidence of the importance of ROS in osteoclasts, and an increase in
ROS due to aging or increased inflammation stimulates bone resorption and exacerbates bone loss [11].

Garcinone C (Gar C), which is the main natural phytochemical isolated from the fruit mangosteen, also possesses good antioxidant
activity and is a derivative of the natural phenolic antioxidant lutein [12]. Mangosteen is known for its antioxidant [13,14],
anti-inflammatory [15] and anticancer activities [16-18]. Gar C has recently been reported to have protective effects against rectal,
colon and nasopharyngeal cancers [18-20]. Indeed, antitumor activity is closely related to antioxidant activity. Carcinogenesis is to a
great extent due to ROS-induced oxidative damage. Although there have been some reports on the biological activity of Gar C, the role
of Gar C as a potential agent affecting osteoclast formation has not yet been clearly demonstrated. Therefore, in the present study, we
investigated the therapeutic effects of Gar C on osteoporosis. The mechanism by which Gar C inhibits osteoclast differentiation was
further examined.

2. Experiments
2.1. Pharmacological intervention in the ovariectomy (OVX)-induced osteoporosis mouse model

AEWC approval was obtained (approval date: 2022-04-12, approval number: AEWC- 20220412). The mice were randomly divided
into 4 groups: sham-operated, OVX, OVX + low-dose Gar C (5 mg/kg), and OVX + high-dose Gar C (25 mg/kg).We constructed a
mouse model of OVX-induced osteoporosis. In the OVX group and the OVX + Gar C group, respectively, an incision of about 1.5 cm in
length was made in the middle of the lower abdomen of the mice under anesthesia and the incision was sutured after removing the
bilateral ovaries and the surrounding adipose tissue. In the Sham group, only the ovaries were exposed, and the surrounding adipose
tissue was removed and then incorporated into the abdominal suture to close the incision [21].The JONN laboratory in Suzhou, China,
provided us with 24 experimental C57BL/6 mice (no. 202236274). These mice were 6 weeks old and weighed 20 g on average. After 3
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Fig. 1. Schematic diagram of the animal experimental design.
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weeks, 5 mg/kg Gar C was injected intraperitoneally every 2 days in the OVX + Gar C low-dose group, and 25 mg/kg Gar C was
injected intraperitoneally every 2 days in the OVX + Gar C high-dose group, Mice in the sham-operated and OVX groups were injected
with the same amount of normal saline [21,22].After 8 weeks, the femur and spine were removed and fixed in 4 % paraformaldehyde
(Fig. 1).

2.2. Micro-CT (uCT) bone histomorphometric analysis

The left femur of each mouse was carefully stripped of the ligaments, muscles and other soft tissues, and the cleaned femur was
fixed in 4 % paraformaldehyde for 3 d and then transferred to a labeled 15 ml centrifuge tube filled with saline for storage in prep-
aration for the puCT scan. The following pCT scan data were collected: bone density parameters (BMD), bone surface area (BS), bone
volume (BV), the ratio of trabeculae to total bone tissue volume (BV/TV), the bone surface area to tissue volume ratio (BS/TV), the
number of trabeculae (Tb.N) and trabecular separation (Tb.Sp). The 3D images of the spine were reconstructed using the pCT 3D
reconstruction software, and the relevant parameters were analyzed.

2.3. Hematoxylin-eosin (H&E) staining and TRAP staining of the right femur

The soft tissue incidental to the right femur was stripped, each femur was labeled, and the femur was fixed and then decalcified.
After these procedures were completed, the specimens were sectioned, and the histological structure of the distal femur was analyzed
by H&E and TRAP staining. After being stained, the tissue sections were preserved and observed using an inverted phase contrast
microscope, and the appropriate areas were selected and photographed for preservation and analysis.

2.4. Immunohistochemical analysis

We dewaxed and rehydrated the sections, which were then incubated with primary antibodies against CTSK (GB11276, Servicebio,
Wuhan, China) and NFATC1 (GB111027, Servicebio, Wuhan, China). After 12 h, the sections were washed and incubated with the
appropriate secondary antibody for 30 min. The stained sections were photographed using a Nikon Eclipse CiL light microscope
(Nikon, Tokyo, Japan).

2.5. Fluorescent double staining

The sections were fixed with 4 % paraformaldehyde and labeled with MMP9 (GB12132, Servicebio, Wuhan, China),NFATC1
(GB111027, Servicebio, Wuhan, China), CTSK(GB111276, Servicebio, Wuhan, China), Nrf2(GB113808, Servicebio, Wuhan, China)
and HO-1 (GB11104, Servicebio, Wuhan, China) antibodies. The primary antibodies were rinsed in PBS and then rinsed in Triton X-100
for 10 min. Normal sheep serum was added and incubated for 30 min. The primary antibody was incubated in rabbit anti-GFAP
(Beijing ZhongShan) incubation solution for 1 h and left overnight at room temperature. The sections were rinsed with PBS and
then incubated with FITC-labeled goat anti-rabbit G (Beijing Zhongxuan) fluorescent secondary antibodies for 1 h. The sections were
washed well with PBS. After being washed with PBS, Cy3-labeled goat anti-mouse (Beijing Zhongsugi) fluorescent secondary anti-
bodies were added and incubated for 1 h at room temperature. The sections were then washed with PBS. The samples were observed by
fluorescence confocal microscopy.

2.6. Cell culture

RAW264.7 cells (FH0328, FuHeng BioLogy, Shanghai, China) were cultured in 10 % fetal bovine serum and 100 p/mL penicillin—
streptomycin-amphotericin B in DMEM and passaged for growth and drug intervention, and the medium was changed every other day.

BMDM were obtained from the fresh femurs of 6-week-old C57/BL6 mice and cultured in medium containing 10 % fetal bovine
serum, 50 ng/mL M-CSF and 100 p/mL penicillin-streptomycin-amphotericin B in AMEM.

2.7. Cytotoxicity assay

The cytotoxicity of Gar C (HY-N6954, MCE, New Jersey, USA) was measured by the CCK-8 method. RAW264.7 or BMDM were
seeded in 96-well plates at 1*10*/well, incubated for 3-4 h and then treated with different concentrations of Gar C (0, 0.05, 0.5, 5 and
50 pmol/L) for 1, 2 and 3 d. Interventions were performed for 1, 2 and 3 d, followed by the addition of 10 pl of CCK-8 buffer and
incubation at 37 °C, after which the absorbance at 450 nm was measured using an enzyme marker (BioTek, Vermont, USA).

2.8. TRAP staining

BMDM or RAW264.7 cells (5 x 10%/well) were inoculated in 12-well plates, incubated with 50 ng/mL M-CSF and 50 ng/m] RANKL,
and then treated with 0, 0.2, 1, and 5 pmol/L Gar C for 5 d. The cells were stained using the TRAP staining kit (387A-1 KT, Sigma) and
photographed. The mean area of osteoclasts per well was measured using ImageJ software (NIH, Bethesda, Maryland, USA).
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Fig. 2. Gar C attenuates bone loss in OVX model mice. (A) Representative 3D-CT images of the femur in each group. (B-H) Statistical analysis of
structural parameters of the distal femur.(I) Representative 3D-CT images of the spine in each group. (J-L) Statistical analysis of structural pa-
rameters of the spine. Note: * indicates P < 0.05, ** indicates P < 0.01 (relative to the OVX group).
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Fig. 3. Reduced bone loss in OVX mice treated with Gar C. (A) H&E staining of femoral sections from each group of mice (scale bar = 100 pm).
(B) TRAP activity in femoral sections from each group of mice (scale bar = 100 pm). (C-D) Osteoclast-associated IHC staining: CTSK and NFATC1
(scale bar = 150 pm). (E) Quantification of the trabecular bone area in femoral sections from each group of mice. (F) Quantitative analysis of the
number of TRAP-positive cells in the femoral sections of mice in each group. (G-H) Quantitative analysis of IHC staining: CTSK and NFATC1. Note: *
i‘ndicates P < 0.05, ** represents P < 0.01 (relative to the OVX group).

2.9. Immunofluorescence staining

RAW264.7 cells were inoculated into 24-well plates and incubated until they formed mature osteoclasts in response to stimulation
with M-CSF and RANKL. Gar C (0, 0.2, 1, 5 pmol/L) was added to the medium for 5 d, followed by incubation with the molecular probe
Alexa Fluor 488 Phalloidin. The mean area of osteoclasts per well and the number of nuclei were calculated.

2.10. Determination of ROS levels

RAW264.7 cells were pretreated with Gar C (0, 0.2, 1, 5 pmol/L) and 10 pmol/L dichlorodihydrofluorescein (DCFH-DA), shaken
and mixed, and incubated for 30 min in a 37 °C incubator protected from light. Relative intracellular ROS levels were observed using
fluorescence microscopy, and the FITC fluorescence intensity was measured by flow cytometry.

2.11. Bone plate resorption assay to determine osteoclast function

BMDM (5 x 10° cells) were seeded on sterilized bovine bone slices with a diameter of 12 mm and induced with 50 ng/ml RANKL
and 50 ng/mL M-CSF for 10 days while intervening with 0, 0.2, 1, or 5 pM Gar C. At the end, The cells in the bone fragments were lysed
with trizol (15596018, Thermo Fisher Scientific, Bothell, WA, USA) for 10 min and then be washed. The area of resorption depression
formation on the surface of the bovine bone slices was observed under a scanning electron microscope (Zeiss EVO LS-15).

2.12. Western blot analysis

RAW264.7 cells were treated with Gar C (0, 0.2, 1, 5 pmol/L) for 2 d before total protein was isolated. The protein samples were
separated in an electrophoresis apparatus and then transferred to PVDF membranes (microwells), which were blocked and incubated
overnight at 4 °C with rabbit primary antibodies. Antibodies against MMP9 (1:1000), CTSK (1:1000), c-Fos (1:1000), NFATC1
(1:1000), HO-1 (1:10000), IkB-a (1:1000), and P65 (1: 1000) were purchased from Abcam (ab38898, ab 19027, ab190289, ab25916,
ab68477, ab32518, and ab16502). Antibodies against Nrf2 (1:1000), p-IkBa (1:1000), and PP65 (1:1000) were purchased from CST
(#33649, #2859, #3031). After being washed with TBST for 15 min, the membranes were incubated with secondary antibodies for 2
h. Finally, the proteins were measured with a chemiluminescent HRP substrate.

2.13. Nrf2 and p65 immunofluorescence staining

RAW264.7 cells were inoculated onto 24-well plates and pretreated with Gar C (5 pM) for 2 h, followed by induction with RANKL
(50 ng/ml) for 45 min. The cells were washed three times with PBS, fixed with 4 % paraformaldehyde and permeabilized with 0.1 %
Triton X-100. The cells were incubated with rabbit anti-NF-xB p65 and Nrf2 primary antibodies overnight at 4 °C and then probed
with Alexa Fluor 488 secondary antibodies in the dark at room temperature for 2 h. The cells were washed in PBS, restained with DAPI
for 15 min and observed using fluorescence microscopy.

2.14. Statistical analysis

All experimental data are expressed as the mean =+ standard deviation (SD) and were processed using SPSS 25.0 software. Statistical
analysis was performed using t tests and analysis of variance (ANOVA). A value of p < 0.05 indicated that the differences were sta-
tistically significant.

3. Results
3.1. Gar C attenuates bone loss in OVX model mice

RCT analysis of structural parameters of the distal femur in the sham-operated, OVX and OVX + Gar C groups of mice showed that
the OVX group exhibited significant bone loss compared to the sham-operated group. Statistical analysis of bone parameters showed an
increase in BMD (0.128 + 0.008 g/cm3 vs. 0.072 + 0.008 g/cm3) and a decrease in Tb.Sp (0.332 + 0.007 mm vs. 0.424 + 0.045 mm)
after 8 weeks of Gar C treatment compared to the corresponding values in the OVX group (Fig. 2A,B and H). BS, BV, BV/TV, BS/TV, and
Tb.N were elevated, and these parameters were significantly increased in a concentration-dependent manner in the OVX + Gar C group
(Fig. 2A,C-G).We also found that Gar C could reduce bone loss in the spine, suggesting that Gar C could reduce bone loss throughout the
body (Fig. 2I-L).
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After 8 weeks of administration, we observed a significant decrease in BS area in the OVX group compared to the normal group
(0.012 + 0.001 nm? vs. 0.059 = 0.004 nm?), as observed by morphometric analysis of bone histology by H&E staining, and an increase
in BS area in the OVX group + Gar C intervention group with increasing Gar C concentrations (1 pM vs. 5 pM: 0.020 + 0.006 nm? vs.
0.033 + 0.005 nm?) (Fig. 3A-E). Similarly, TRAP staining showed that the number of positive cells was significantly higher in the OVX
group than in the sham-operated group (8.667 + 1.155 vs. 3.667 + 0.577) and that Gar C treatment decreased the number of positive
cells per bone surface in a concentration-dependent manner compared to that in the OVX group (1 pM vs. 5 pM: 5.000 + 1.000 vs.
4.000 £ 1.000) (Fig. 3B-F).

Furthermore, immunohistochemical staining analysis of the osteoclast functional protein CTSK and the associated transcription
factor NFATC1 showed that the number of CTSK and NFATC1-positive cells were significantly increased in the OVX group compared to

~
@]
o/

A (B)

RAW264.7

-
[

=Y
o

=
v

0.5

0.4

0.3

0.2

0.05
0.5

4]

0.1

Absorbance ( OD=450)
Absorbance (OD—450)

e
o

0.0

Day 1 Day 2 Day 3 Day 1 Day 2

Day 3

RANKL 50ng/ml

Average Osteoclast Area
(Fold Change)

BMDM

RAW 264.7

Average Osteoclast Area
(Fold Change)

Rankl + +
GarC 0 0.2

-4

RANKL 50ng/ml

Gar C(-)

phalloidin

DAPI

Merge

Gar C(0.2 uM)

Gar C(1 uM)

Gar C(5 uM)

- :
150 um

Nuclei No./osteoclast

Rankl + +
GarC - 0.2

-4
o+

a
o

Average Osteoclast Area
(Fold Change)

Fig. 4. Gar C inhibits osteoclast differentiation. (A) Molecular formula of Gar C. (B-C) The viability of RAW264.7 cells and BMDM was
determined by CCK8 assays. (D) Representative images of TRAP staining (scale bar = 300 pm). (E-F) Quantitative analysis of the osteoclast area in
each group. (G) Representative images of actin ring staining (scale bar = 150 pm). (H-I) Quantitative analysis of F-Actin size and the number of
nuclei per osteoclast. Note: * indicates P < 0.05, ** represents P < 0.01.
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the sham-operated group, and this effect was improved in the OVX + Gar C group (Fig. 3C-D,G-H).

3.2. Inhibitory effect of Gar C on RANKL-induced osteoclast differentiation

We found that Gar C could reduce the number of TRAP-positive cells during OVX-induced osteoporotic disease progression. To
further clarify the effect of Gar C on osteoclast activation, we performed TRAP staining and F-actin ring staining. As determined by
CCK8 assays, cell viability was significantly affected when the concentration of Gar C was 50 pM (Fig. 4B and C). Treatment of
RAW264.7 cells and BMDMs with 0.05, 0.5 and 5 pM Gar C for 3 d did not affect cell viability but promoted cell proliferation. Based on
the CCK8 results (Fig. 4B and C), in subsequent in vitro experiments, 0.2, 1 and 5 pM Gar C were used to treat the cells. To investigate
the inhibitory effect of Gar C on RANKL-induced osteoclast differentiation, different concentrations of Gar C (including 0, 0.2, 1 and 5
puM) were administered to RANKL-induced BMDMs and RAW 264.7 cells. TRAP staining showed that Gar C dose-dependently reduced
the osteoclast area, and 5 pM induced a significant inhibitory effect (Fig. 4D-F).

The bone resorptive activity of osteoclasts is dependent on their adhesion to the bone surface, and this adhesion correlates with the
resorptive function of the osteoclast skeleton closure zone structure, which is the banded F-actin ring, and so we examined mature
osteoclasts by assessing the formation of F-actin rings following RANKL stimulation. Osteoclasts were observed by rhodamine ghost
pencil staining. The results showed that Gar C significantly inhibited the formation of multinucleated osteoclasts (Fig. 4G-I). Actin
rings in the RANKL group showed a large typical ring structure, whereas those in the high Gar C concentration group were significantly
smaller.

3.3. Gar C inhibits bone resorption and downregulates osteoclast-associated protein expression

The results of the bone resorption assay are presented that the bone resorption function of osteoclasts was significantly increased
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after RANKL stimulation, but significantly decreased after Gar C treatment (Fig. 5A-B). Quantitative analysis of resorption area
showed that Gar C significantly decreased the percentage of bone resorption area in a dose-dependent manner. It showed that Gar C
inhibited the in vitro resorption activity of osteoclasts in a dose-dependent manner, demonstrating the anti-bone resorption activity of
Gar C. Gar C downregulated the expression of osteoclast-associated proteins. Western blotting showed that the expression of the
osteoclast-associated functional proteins MMP9 and CTSK was significantly inhibited in a concentration-dependent manner after Gar C
administration (Fig. 5C, D-E). The protein expression of the transcription factors c-Fos and NFATC1, which are associated with
osteoclast differentiation, was significantly inhibited by 5 pM Gar C (Fig. 5C, F-G).

3.4. Gar C inhibits RANKL-induced oxidative stress and increases Nrf2 levels

Previous findings confirmed that the level of oxidative stress is increased during osteoclast activation, that ROS play an important
role in the differentiation of osteoclasts and that the bone resorption function of osteoclasts is inextricably linked to the stimulation of
ROS [23]. Therefore, we further investigated whether Gar C could influence osteoclast activation by affecting the level of oxidative
stress. We measured ROS levels during osteoclastogenesis with the dye DCFH-DA to clarify whether Gar C inhibits RANKL-mediated
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oxidative stress during osteoclastogenesis. We found that RANKL (50 ng/ml) stimulation for 20 min significantly increased ROS levels
in RAW264.7 cells, similar to the results of previous studies. Gar C significantly inhibited oxidative stress during RANKL induction
(Fig. 6A-C). Immunofluorescence staining showed that Gar C regulates Nrf2 expression in RANKL-stimulated RAW264.7 cells. We
found that Gar C pretreatment increased the nuclear translocation of Nrf2 in RANKL-stimulated cells (Fig. 6D). Western blotting

A Sham OVX Low-Gar C High-Gar C
Merge Merge Merge
s
s
(B) Sham OVX Low-Gar C High-Gar C
s
CC) Sham 0OVX Low-Gar C High-Gar C
a Merge Merge
z
s
2
(D) Sham OVX Low-Gar C High-Gar C

Spine (MMP9+Nrf2)

(E) Sham OVX Low-Gar C

Merge

High-Gar C

Merge
00um

High-Gar C

100pm

Femur (CTSK+HO-1)

(P OVX Low-Gar C

Merge

Spine (NFATC1+HO-1)

Fig. 7. Gar C enhanced the expression of Nrf2, HO-1 and decreased the expression of MMP9, CTSK and NFATC1 in vivo. (A) IHC staining of
femoral MMP9+HO-1 (scale bar = 100 pm).(B) IHC staining of spinal MMP9+HO-1 (scale bar = 50 pm) (C)IHC staining of femoral MMP9+Nrf2
(scale bar = 100 pm). (D) IHC staining of spinal MMP9+Nrf2 (scale bar = 50 pm). (E) IHC staining of femoral CTSK + HO-1 (scale bar = 100 pm).
(F) IHC staining of spinal NFATC1+HO-1 (scale bar = 50 pm). Note: * indicates P < 0.05, ** represents P < 0.01.

10



H. Jietal Heliyon 10 (2024) e25601

showed that Gar C significantly increased the expression of Nrf2, a core transcription factor that protects against oxidative stress, and
HO-1, a ROS scavenging enzyme (Fig. 6E-G).

Interestingly, in vivo, Nrf2 and HO-1 expression was reduced in the OVX group and increased after Gar C treatment, suggesting that
Gar C may inhibit oxidative stress, and the fluorescence staining results showed opposite effects on the expression of Nrf2,HO-1 and the
osteoclast-associated protein MMP9,CTSK, NFATC1 further confirming that Gar C is a key player in the regulation of oxidative stress,
affects the activation of osteoclasts and attenuates the development of osteoporosis (Fig. 7A-F).

3.5. Gar C inhibits the RANKL-induced NF-xB signaling pathway

ROS can affect the phosphorylation of P65 to regulate NF-kB responses and influence its activation [24]. We have demonstrated
that Gar C can affect ROS levels during osteoclastogenesis, and we further investigated the effect of Gar C on the NF-xB signaling

P65
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Fig. 8. Gar C inhibits RANKL-induced NF-kB signaling in vitro. (A-F) Western blots showing P65 and IkBa expression and phosphorylation. (G)
Immunofluorescence staining of P65 (scale bar = 75 pm). Note: * indicates P < 0.05, ** represents P < 0.01.
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pathway in RAW264.7 cells at different time points. As shown (Fig. 8A-D), the level of phosphorylated P65 (PP65) in the RANKL group
increased rapidly after the addition of RANKL and peaked at 5 min, whereas the level of PP65 peaked within 15 min after the addition
of RANKL plus Gar C. Gar C delayed the peak of P65 phosphorylation. The level of PP65 was lower in the RANKL + Gar C group than in
the RANKL group at the same times. NF-xB activity is regulated by the IkB protein, and we found that Gar C treatment significantly
decreased IkBa degradation and phosphorylation at 30 min. Furthermore, the phosphorylation level of P65 decreased with increasing
Gar C concentrations after 30 min (Fig. 8E-F). We also detected RANKL-induced nuclear translocation of NF-kB p65 by immunoflu-
orescence analysis (Fig. 8G). We found that Gar C could effectively inhibit the nuclear translocation of p65. These results suggest that
Gar C affects oxidative stress levels through the NF-kB pathway.

4. Discussion

Bone is a mature, dynamic but stable connective tissue, and bone remodeling bone formation by osteoblasts and bone resorption by
osteoclasts are in equilibrium [25]. Dysregulation of bone homeostasis can lead to a variety of bone diseases, particularly osteoporosis
[26]. ROS play an important role in determining the pathogenesis of bone diseases [27]. As intracellular signaling molecules, ROS are
regulated by RANKL, which promotes osteoclast differentiation [23,28]. Studies have shown that RANKL induces ROS production in
osteoclastogenesis, which in turn enhances the activation of RANKL-mediated signaling, stimulates bone resorption and exacerbates
bone loss, playing an important role in the development of osteoporosis [23]. Several studies have demonstrated that inhibiting ROS
production prevents osteoclastogenesis [29-31]. We investigated the effect of Gar C on intracellular oxidative stress during RANKL
stimulation and showed that Gar C significantly inhibited intracellular ROS levels. Nrf2 is a core transcription factor that regulates
oxidative stress and promotes the expression of downstream antioxidant enzymes [32]. Nrf2 deficiency increases serum RANKL
concentrations and promotes osteoclast proliferation [33]. Oxidative stress conditions activate Nrf2 signaling, promote its trans-
location to the nucleus, and induce the expression of the antioxidant cytoprotective gene HO-1, thereby preventing oxidative damage
[34]. In the present study, we demonstrated that Gar C upregulated the ROS scavenger HO-1 to inhibit osteoclast differentiation.
RANKL stimulation reduced Nrf2 protein expression and favored ROS signaling, while Gar C treatment restored and dose-dependently
increased Nrf2 expression and promoted Nrf2 nuclear translocation, suggesting that Gar C may, at least in part, inhibit intracellular
ROS through Nrf2 and other antioxidant enzymes that upregulate intracellular ROS.

Bone remodeling is a tightly coupled process involving both osteoblasts and osteoclasts. These cells are essential for bone
remodeling. Osteoclasts, which are the only bone resorbing cells in the body, are multinucleated cells formed by the fusion of osteoclast
progenitors from the monocyte/macrophage lineage of the bone marrow, which are produced by hematopoietic stem cells (HSCs) and
secrete H+, CI -, and cathepsin K (CTSK) in the resorption zone in response to M-CSF and RANKL activation. CTSK and matrix met-
alloproteinases (MMPs) degrade the bone matrix [35]. Osteoclasts adhere to the bone matrix through the dynamic structure of footlets,
allowing osteoclasts to move across the bone surface through cytoskeletal reorganization, which mediates bone resorption [36]. Thus,
the number and area of osteoclasts attached to the surface of the bone matrix is positively correlated with the ability of these cells to
resorb bone. In addition, the secretion of osteoclast-related functional proteins is equally important for bone resorption. In this study,
our results show for the first time that Gar C inhibits RANKL-mediated osteoclastogenesis and bone destruction. TRAP staining showed
a significant decrease in the number and area of osteoclasts with increasing Gar C concentrations. In addition, immunofluorescence
staining showed that Gar C significantly inhibited the formation of actin rings in osteoclasts. The Western blot results showed that Gar
C could affect the expression of osteoclast-related functional proteins and transcription factors, which was consistent with previous
studies. In conclusion, our results suggest that Gar C has an inhibitory effect on osteoclast formation and activation, resulting in
reduced bone resorption in vitro.

Gar C is a naturally occurring xanthone extracted from the fruit and rind of the mangosteen that has a variety of functional bio-
logical functions, such as anti-inflammatory, antioxidant and antimicrobial functions [13,37,38]. Studies have shown that daily oral
intake of fresh mangosteen juice may prevent estrogen-deficient bone loss [39]. The active ingredient of mangosteen is a-mangiferin,
which has been reported to inhibit osteoclasts in animals [40], and a-mangiferin can treat inflammation-related diseases by blocking
macrophage activation [41]. a-Mangiferin and Gar C are derivatives of the natural phenolic antioxidant luteolin. a-Mangiferin is a
para-dihydroxy-substituted derivative of luteolin, while Gar C is a para- and o-dihydroxy-substituted derivative. A study suggests that
the antioxidant activity and mechanism are derived from the effectiveness of certain specific substituents in luteolin. The o-position
substituent may have a better antioxidant effect [12]. Our results also show that Gar C can effectively inhibit oxidative stress during
osteoclast differentiation and inhibit osteoclast activation. The in vivo results confirm that Gar C can inhibit osteoporosis.

NF-xB plays a crucial role in osteoclast differentiation [42]. NF-kB is activated by inflammatory conditions and is a multifunctional
group of transcription factors that not only transcriptionally regulate cellular inflammatory responses but also participate in the
expression of a variety of genes involved in normal cellular activities. In RANKL knockout mice [43], NF-kB can promote osteoclas-
togenesis by activating the RANKL/RANK pathway [44]. Blocking NF-kB signaling is thought to be an effective way to prevent
osteoclast activity [21,22,45]. Nrf2 is a redox-sensitive transcription factor that controls cellular antioxidant defenses by inducing
antioxidant gene expression [46]. Crosstalk between Nrf2 and NF-«B plays a key role in osteoclasts and has recently become the focus
of much research [47]. Furthermore, previous studies have shown that RANKL-induced osteoclastogenesis typically involves the
activation of both the ROS and NF-kB signaling pathways [48]. ROS can mediate RANKL-induced osteoclast differentiation by
inhibiting IKK phosphatase and directly or indirectly regulating activation of the transcription factor NF-kB in osteoclasts [49,50].
Therefore, we explored whether Gar C could inhibit the activation of the NF-kB pathway. In other studies, Garcinone B, a Garcinia
analog of Gar C, blocked LPS-induced NF-kB-dependent transcription [51], and Garcinia cambogia extracted from mangosteen
downregulated IkBa and NF-kB (p65) in the NFkB pathway [52]. In this study, the results showed that Gar C inhibited the
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phosphorylation and degradation of IkBa and P65. In terms of the time-dependent effects of Gar C on the NF-kB pathway, Gar C
delayed the time at which phosphorylated P65 (PP65) reached its peak and significantly reduced the rate of phosphorylation and
degradation of IkBa.

This study also has some limitations. First, our study demonstrated that Gar C inhibited ROS production, downregulated the NF-xB
pathway and suppressed osteoclastogenesis. However, there is growing evidence that ROS production supports various pathological
conditions, including inflammation and osteoporosis [53], and that osteoclast activation involves inflammatory factors [54]. There-
fore, we should further investigate whether regulated osteoclasts are involved in the anti-inflammatory effects of Gar C. Second, bone
metabolism homeostasis involves osteoclast-induced bone resorption and osteoblast-induced bone formation. In the present study, we
demonstrated that Gar C inhibited osteoclasts, but the effect of Gar C on osteoblasts is unknown. Work on this topic is currently being
carried out by our team.

5. Conclusion

In conclusion, in this study, our results suggest that Gar C significantly reduces OVX-induced osteoporosis by inhibiting osteoclast
activation through oxidative stress. This mechanism was associated with inhibition of the NF-kB pathway (Scheme 1). These results
further support Gar C as a potential drug candidate for the treatment of osteoporosis.
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